Siegel et al. Nanoscale Research Letters (2018) 13:95
https://doi.org/10.1186/s11671-018-2510-9

Nanoscale Research Letters

NANO EXPRESS Open Access

Round-shape gold nanoparticles: effect of ®

CrossMark

particle size and concentration on
Arabidopsis thaliana root growth

Jakub Siegel", Kamil Zaruba?, Vaclav Svor¢ik', Kristyna Kroumanové®, Lenka Burketova® and Jan Martinec®

Abstract

Nowadays, due to a wide range of applications of nanoparticles (NPs) in many industrial areas, accumulations of those
entities in environment pose a great risk. Owing to their inertness, noble metal NPs may remain in contaminated soils
nearly unchanged for long time. Within this context, size-, shape-, and concentration-dependent uptake of particles

by plants belongs to unexplored area. In this work, we present water solutions of biologically friendly synthesized
spherical AuUNPs with pretty narrow size distribution in size range from 10 to 18 nm. Their thorough characterization
by atomic absorption spectroscopy, mass spectroscopy-equipped inductively coupled plasma, dynamic light scattering
(DLS), and TEM methods was followed by the study of their effect on the growth of Arabidopsis thaliana (primary and
lateral roots), in particle size- and concentration-dependent manner. Due to strictly round-shape form of AuNPs and
absence of particle agglomeration, DLS-derived size and size distribution were in good concordance with those
obtained from TEM. The length and number of A. thaliana lateral roots were significantly affected by all types of AuNPs.
Smallest AuNPs at highest concentration inhibited length of primary roots and, in contrast, enhanced hair root growth.
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Background

Nowadays, modern chemistry and engineering churn
out huge amounts of nanoobjects in order to improve
utility properties of matter not only in special applica-
tions but increasingly in products of everyday consump-
tion. Nanostructured materials, i.e., nanoparticles [1, 2],
nanorods [3], nanotubes [4], nonwoven nanotextiles [5],
as they stand or attached to different kinds of supports,
significantly increase yields in almost all areas of indus-
trial applications ranging from cosmetics [6] and health
care [7], over bioengineering [8, 9], up to energy conver-
sion applications [10], and catalysts [3]. While the inclu-
sion of nanomaterials in these products can enhance
their performance, their breakdown at the end of their
useful lifetime provides several key points of entry for
synthetic NPs into the environment. Especially engi-
neered NPs, which has been extensively used in cata-
lysts, UV-protective dye stabilizers, antimicrobial agents
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in textile industry, or health care products and cosmetics
(in particular that of high chemical inertness such as Au,
Ag, Pt, and Pd) must be given special attention, since
they may accumulate in the environment almost un-
changed for many years, triggering so far unknown pro-
cesses upon their plant uptake. Concerning noble metal
nanoparticles (NMNPs), some pioneering works has
been published on the effect of silver nanoparticles
(AgNPs) on seedlings of thale cress (Arabidopsis thali-
ana), indicating that very low concentrations of AgNPs (<
1 ppm) could be toxic to the seedlings [11]. AgNPs of 20
to 80 nm clearly stunted the growth, and their phytotox-
icity is concentration and particle size dependent. The
root tip (cap and columella) were observed to turn light
brown when primary roots were exposed to AgNPs. The
brown tip was attributed to the adsorption of AgNPs
either itself or in conjunction with cell wall materials or
secondary metabolites produced by root tips. However,
the exact mechanism has not been elucidated yet.

Even though there have been some studies addressing
the role of NPs in the environment [12], those targeting
on the gold nanoparticles (AuNPs) are still rare [13]. If
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available, the majority of the published data on nanotoxi-
cology have focused on mammalian cytotoxicity [14—16]
or impacts to animals and bacteria [17-20], and only a
few studies have considered the toxicity of engineered
NPs to plants. Additionally, the interaction of NMNPs
with plants and other organisms that share similarities
with plant cells, such as algae, have been poorly studied so
far, implying that the general consequences of NMNPs
exposure for plant cells still remains unclear [11]. The lack
of these data leads to a defective understanding of how
NMNPs are transferred and accumulated in the various
food chain levels.

In this work, we report on the effect of gold nanoparti-
cles on plant growth, particularly on the development of
primary and lateral roots of A. thaliana in presence of
different size particles. AuNPs were synthesized by wet
method under biologically friendly protocol using no
stabilizers, producing spherical nanoparticles with pre-
cise control over their size and size distribution. Before
the plant treatment, AuNPs were thoroughly character-
ized by a broad spectrum of analytical methods (AAS,
ICP-MS, DLS, and TEM).

Experimental

Materials, apparatus, and procedures

Gold nanoparticles were synthesized by a slightly
adapted procedure published by Batus et al. [20]. Briefly,
149 mL of water was heated in a 250 mL two-necked
round-bottomed flask until it starts to reflux. Then, 1 mL
of 0.33 M sodium citrate and 0.945 mL of 10 mg/mL of
potassium tetrachloroaurate(Ill) in water were subse-
quently added. After 30 min, heating was stopped and the
reaction mixture was left to get cold. In all preparation ex-
periments, Milli-Q water (18.2 MQ at 25 °C) was used.

For root assays of A. thaliana, synthesized AuNPs of
three different sizes (10, 14, and 18 nm) were centri-
fuged at 5000g for 1 h to increase particle concentration
up to limit value of 2000 mg/L.

A. thaliana Columbia (Col-0) seeds (obtained from
Lehle seeds, USA) were surface sterilized with 30% (v/v)
bleach solution for 10 min and rinsed five times with
sterile water. Sterile seeds were sown on agar plates con-
taining % Murashige-Skoog (MS) medium and 1% plant
agar (pH 5.8). To synchronize seed germination, the agar
plates were kept at 4 °C for 2 days. A. thaliana plants
were grown for 5 days in vertically oriented plates in a
growth chamber at 22 °C with 100 pmol m™? s~ light
intensity under long day conditions (16 h/8 h light/dark
cycle).

Five-day-old seedlings of similar size were transferred
to agar plates (20 plants per plate) containing 1/16 MS
medium, different concentrations of AuNPs (0, 1, 10,
and 100 mg/L) and 1% plant agar (pH 5.8). AuNPs were
added to the medium after autoclaving. As a control, the
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effect of sodium citrate buffer was also investigated. The
length of the root was marked, and seedlings were
grown for the next 5 days. Both, increment of the pri-
mary root and lateral roots length were measured using
JMicroVision 1.2.7 software.

Analytical methods

Prepared solutions of AuNPs were characterized by Atomic
Absorption Spectroscopy (AAS), mass spectroscopy-
equipped inductively coupled plasma (ICP-MS), dynamic
light scattering (DLS), and transmission electron micros-
copy (TEM).

Concentrations of prepared NPs were determined by
means of AAS by a VarianAA880 device (Varian Inc.,
USA) using a flame atomizer at 242.8 nm wavelength.
Typical uncertainty of concentration determined by this
method is less than 3%.

Inductively coupled plasma with mass spectroscopy
detector (ICP-MS) was used to determine the concentra-
tion of Au ions originating from unreacted Au source
chemical, using Agilent 8800 triple-quadrupole spec-
trometer (Agilent Technologies, Japan) connected to an
auto-sampler. AuNPs colloid solution was pipetted into
1.5 mL hydrophobic microtubes and centrifuged at
30000g on Eppendorf 5430 centrifuge for 1 h. After the
centrifugation, 0.3 mL of supernatant was carefully re-
moved using pipette and ICP-MS analyzed. Sample neb-
ulization was performed using a MicroMist device
equipped with a peristaltic pump. Pure buffer solution
(2.2 mM sodium citrate) was used as a blank sample.
The uncertainty of the measurement was less than 3%.

TEM images were measured using JEOL JEM-1010
(JEOL Ltd., Japan) operated at 400 kV. Drop of colloidal
solution was placed on a copper grid coated with a thin
amorphous carbon film on a filter paper. The excess of
solvent was removed. Samples were air dried and kept
under vacuum in a desiccator before placing them on a
specimen holder. Particle size was measured from the
TEM micrographs and calculated by taking into account
at least 500 particles.

The particle size distribution was determined by
Zetasizer ZS90 (Malvern Instruments Ltd., England) in
the DLS regime for particle size distribution, equipped
with an avalanche photodiode for signal detection. Diode-
pumped solid state laser (50 mW, 532 nm) was used as a
light source. The measurements were performed in poly-
styrene cuvettes at room temperature.

Results and discussion

Nanaoparticle characterization

Size and size distribution of AuNPs were determined by
TEM and DLS analyses. The results are summarized
in Table 1, together with AuNP concentrations deter-
mined by AAS immediately after NPs synthesis and
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Table 1 The size and size distribution of AuNPs obtained by
TEM and DLS analysis together with concentrations of AuNPs
(AAS) and Au ions (ICP-MS)

NP size (nm) Concentration of AuNPs/Au ions (ug/L)

TEM DLS AUNPs (x107)  Au ions® Au ions®
10nm 118+27 96+37 302+£09 3398+£274 16+03
14nm 151+38 143+39 298+08 3286+241 21+05
18nm 196+32 181+£41 298+08 3149+299 18+04

“Immediately after the synthesis
PAfter centrifugation of as-synthesized AuNPs and its dilution to probing
concentration of 100 mg/L

concentrations of residual Au ions determined by
ICP-MS. From these data, it is evident that our syn-
thesis protocol provides well size-controlled Au nano-
particles with pretty narrow size distribution. Here,
we used modified method published by Batds et al.
[20] for the synthesis of size- and shape-controlled
citrate-stabilized AuNPs. Developed protocol allows
targeted size-extension based on enlargement of pre-
synthesized AuNPs by means of surface-catalyzed re-
duction of Au®* together with effective simultaneous
inhibition of secondary nucleation.

Wang et al. [21] found that during a 3-day hydroponic
exposure of A. thaliana to either Ag" and AgNPs (5 nm)
at the same concentration, the Ag concentration
decreased faster in the Ag*-treated solution than in the
AgNP one, indicating faster uptake of Ag’ ions.
Therefore, we took special attention to minimize the
possible effect of Au ions in result distortion. As-
synthesized AuNPs were centrifuged up to limit concen-
tration of 2000 mg/L and diluted with MS medium to
required concentrations (1, 10, and 100 mg/L). After this
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procedure, the concentration of residual Au ions in solu-
tions containing 100 mg/L of AuNPs was determined by
ICP-MS (see Table 1). Apparently, the centrifugation had
positive effect on both the presence of residual Au ions
which concentrations were reduced by two orders of
magnitude compared to as-synthesized solutions
(Table 1, AAS) and the content of citrate buffer itself.

To quantify NP polydispersity, we performed DLS
measurement, which is very sensitive to the presence of
eventually formed particles conglomerates (Fig. 1). In
this measurement, even a small amount of agglomerated
NPs causes the dominance of corresponding peak at
considerably higher diameters, especially in the
intensity-weighted size distribution (see inset in Fig. 1).
Fortunately, no particle agglomeration was detected, and
thus, the credibility of the size evaluation may be
affected only by spherical approximation [22]. Despite
this disadvantage, DLS measurement provides statisti-
cally more significant overall picture of particle size
distribution compared to TEM, since it evaluates the en-
tire sample volume at once. Due to predominately
round-shaped nature of prepared NPs (see Fig. 2), DLS-
derived sizes were in good agreement with those
obtained by TEM (Table 1). Apparent particle agglomer-
ates, visible in TEM image (Fig. 2, 10 nm), were more
likely caused by the necessity of solvent removal in TEM
measurements, rather than interconnection of individual
particles in colloid solution itself.

Adaptation of nanoparticle solutions to meet plant
biology conditions

Due to strong aggregation tendency of AuNPs in plant
growth media (MS medium), commonly used for plant

-

Size Distribution by Number

25 I i 1 43 Size Distribution by Intensll;
i AuNPs 10nm 181
20+ AuNPs14nm -/ (N4 XL} "
. AuNPs 18nm § ‘z
5 15 £
D\_/ 2
6 i 9'6 V \ \ 0t1 1 10 100 1000 10000
o] Size (d.nm)
10
g \
Z L
5 /
" / / / k\\
0.1 1 10 100 1000

Size (d.nm)

Fig. 1 Dynamic light scattering analysis (number weighted size distribution) of aqueous solutions of AuNPs of different sizes. Inset shows “raw”
intensity-weighted data. Numbers refer to average particle diameter in nm
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Fig. 2 TEM images of prepared set of AuNPs. Please note that the
picture magnification differs for particular NPs sizes

growth in vitro [23], we had to optimize mutual ratio of
these two components to avoid NPs aggregation while
preserving acceptable conditions for plant growth. Dif-
ferent dilutions of MS were tested. Aggregation of
AuNPs was easily visible by the change of the color
(transition from red to purple). Due to low initial
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concentration of as-synthesized AuNPs (around 30 mg/L,
see Table 1), insufficient for biological experiments, it was
necessary to increase the NP concentration by centrifuga-
tion. By this procedure, we increased particle concentra-
tion up to the limit value of 2000 mg/L. Such NPs
solutions were then diluted to final concentrations, which
also decreased the concentration of the citrate buffer in
our experiments. For growing experiments of A. thaliana,
we diluted AuNPs in 1/16 MS medium. Minimal NPs ag-
gregation was detectable in this medium and NPs were
much more stable in comparison to 1/2 MS, 1/4 MS, and
1/8 MS with nearly unaltered plant growth. Concentration
of AuNPs in final solutions was determined by AAS. Since
plant growth experiments were performed in in vitro (in
sterile conditions), the effect of sterilization procedure on
NPs was studied too. Commonly used autoclaving (121 °C,
20 min) of prepared growth media caused complete
aggregation of investigated NPs. Therefore, this pro-
cedure was not suitable for our experiments. Addition
of NPs into about 60 °C autoclaved agar medium was
finally used as an alternative procedure in which no
NP aggregation was detected and sterilizing process
was still effective.

Effect of NPs on the root growth of Arabidopsis thaliana
in vitro

Model plants such as dicot A. thaliana have the poten-
tial to help understand stress factors that reduce global
crop yields with the goal of identifying genes that can
improve the viability under stress conditions [24]. All
tested forms of AuNPs had significant effect on lateral
roots (LRs). Both the length (Fig. 3a) and the number
(Fig. 3b) of LRs were reduced in AuNP-treated plants.
The highest concentrations of AuNPs (100 mg/L) of all
investigated particle sizes induced decrease of LRs length
to about 50%. Number of LRs decrease to about 70% in
the case of 18 nm AuNPs and the highest concentration
(100 mg/L). Slightly smaller reduction of number of LRs
was observed when the highest concentration of smaller
AuNPs (14 and 10 nm) was used (Fig. 3b). The length of
primary roots was decreased after AuNP treatment as
well (Fig. 3c). The negative effect of 10-nm AuNP was
considerable especially at higher particle concentrations.
Effect of bigger particles (14, 18 nm) was much smaller
and similar to the effect of sodium citrate buffer that
was used as control. Most published studies with engi-
neered NPs indicated certain degree of phytotoxicity,
especially at high NP concentrations. For instance,
citrate-coated AgNPs inhibited A. thaliana seedling root
elongation with a linear dose response from 67 to
535 pg/L after 2 weeks [25]. Several other studies using
the root elongation and seed germination assays have
demonstrated that phytotoxicity was affected by the size
of NPs. Many studies have concluded that the smaller
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the NPs the more phytotoxic they are. However, this
generalization about the size-dependent toxicity of engi-
neered nanomaterials is not always true for all combina-
tions of plants and NPs types [21, 25]. Contrary to that,
single-wall carbon nanotubes positively affected root
elongation of tomato, cabbage, carrot, and lettuce in 24
to 48 h [26]. Positive effect of 24 nm AuNPs on seed
germination rate and vegetative growth was reported by
Kumar et al. [13].

Substantial positive effect of 10 nm AuNPs on a root
hair growth was observed during root growth experi-
ments (Fig. 4). This effect exhibited strong concentration
dependency. Increasing NP concentration induced more
pronounced growth of root hairs (Fig. 4e). This behavior
has been often observed in root grown in soils poor in
phosphorous [27]. A similar effect was not observed in
the case of 14 and 18 nm AuNDPs. Contrary to that,

Garcia-Sanchez et al. [28] observed, during A. thaliana
treatment with commercially available AgNPs, inhibition
in a number of root hairs related to 1 cm of plant root.
Decrease in hair roots was observed in the case of all
tested particles, regardless of their specific size (10, 20,
40, and 80 nm), using a uniform concentration of treat-
ment solutions of 200 mg/L. Root hairs substantially
increase the root surface area in contact with the soil,
and most of water and nutrients that enter the plant are
absorbed through them. Thus, their development is
significantly affected by environment stimuli and stress
signals [29].

Conclusions

We have successfully prepared gold nanoparticles by
gentle two-component (sodium citrate—potassium tetra-
chloroaurate) reduction in water environment providing
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Fig. 4 Effect of different concentrations of 10 nm AuNPs on root hair growth in A. thaliana seedlings. a Control, b—d seedlings treated with 1, 10, and
100 mg/L of AuNPs, respectively, and e detail of induced root hair growth in plant exposed to 100 mg/L of AuNPs. The scale bars correspond to 1 cm

round-shaped, narrow-distributed particles with excel-
lent control over their resulting size. Post-synthesis cen-
trifugation allowed to reach the desired NPs
concentrations and eliminated the influence of ions and
citrate buffer on results distortion in plant experiments.
The effect of AuNPs of different sizes (10, 14, and
18 nm in diameter) and concentrations (1, 10, and
100 mg/L) on root growth of A. thaliana was investi-
gated. The number and length of lateral roots were
significantly decreased after the treatment with NPs
solutions of higher particles concentrations, regardless
of their specific size. A negative effect on primary root
growth was observed in the case of 10 nm AuNPs. Sur-
prisingly, the smallest AuNPs (10 nm) clearly induced
root hair growth. Overall, this study showed that the dir-
ect exposure of plants to AuNPs significantly contrib-
uted to phytotoxicity and underscores the need for eco-
responsible disposal of wastes and sludge containing Au
nanoparticles.

Abbreviations

AAS: Atomic absorption spectroscopy; AgNPs: Silver nanoparticles; AuNPs: Gold
nanoparticles; DLS: Dynamic light scattering; ICP-MS: Mass spectroscopy
equipped inductively coupled plasma; LRs: Lateral roots; MS: Murashige and
Skoog; NMNPs: Noble metal nanoparticles; NPs: Nanoparticles; TEM: Transmission
electron microscopy

Funding
The financial support of this work from the GACR projects nos. 17-10907S
and 108/12/G108 (VS) is gratefully acknowledged.

Authors’ contributions

JS conducted NP analyses and wrote the manuscript. KZ accomplished the
synthesis of AUNPs. VS contributed to AuNP analysis evaluations. KK and JM
designed and conducted all A. thaliana experiments. LB designed experiments
and critically read the manuscript. All the authors read and approved the final
manuscript.

Authors’ information

JS is a senior researcher at the Department of Solid State Engineering, holding
a Ph.D. from material engineering. KZ is a senior researcher at the Department
of Analytical Chemistry, holding a Ph.D. from analytical chemistry. VS is the
head of the Department of Solid State Engineering and a professor in the field
of material engineering. JM and LB are senior researchers at the Institute of
Experimental Botany of the Czech Academy of Sciences. JM holds his Ph.D.
from plant physiology. LB holds Ph.D. from plant protection. KK is a young
researcher at the Laboratory of Signal Transduction of the same institute.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Solid State Engineering, University of Chemistry and
Technology, 166 28 Prague, Czech Republic. *Department of Analytical
Chemistry, University of Chemistry and Technology, 166 28 Prague, Czech
Republic. *Institute of Experimental Botany of the Czech Academy of
Sciences, 165 02 Prague, Czech Republic.

Received: 20 February 2018 Accepted: 2 April 2018
Published online: 10 April 2018

References

1. Siegel J, Lyutakov O, Polivkova M, Staszek M, Hubacek T, Svorcik V (2017)
Laser-assisted immobilization of colloid silver nanoparticles on
polyethyleneterephthalate. Appl Surf Sci 420:661-668

2. Staszek M, Siegel J, Polivkova M, Svorcik V (2017) Influence of temperature
on silver nanoparticle size prepared by sputtering into PVP-glycerol system.
Mater Lett 186:341-344

3. Dai W, Yan J, Dai K, Li L, Guan N (2015) Ultrafine metal nanoparticles loaded
on TiO2 nanorods: synthesis strategy and photocatalytic activity. Chin J
Catal 36:1968-1975

4. Felix-Navarro RM, Beltran-Gastelum M, Reynoso-Soto EA, Paraguay-Delgado
F, Alonso-Nunez G, Flores-Hernandez JR (2016) Bimetallic Pt-Au
nanoparticles supported on multi-wall carbon nanotubes as electrocatalysts
for oxygen reduction. Renew Energy 87:31-41

5. Geranio L, Heuberger M, Nowack B (2009) The behavior of silver
nanotextiles during washing. Environ Sci Technol. 43:8113-8118



Siegel et al. Nanoscale Research Letters (2018) 13:95

20.

22.

23.

24.

25.

26.

27.

Marslin G, Selvakesavan RK, Franklin G, Sarmento B, Dias ACP (2015)
Antimicrobial activity of cream incorporated with silver nanoparticles
biosynthesized from Withania somnifera. Int J Nanomedicine
10:5955-5963

Peiris PM, Deb P, Doolittle E, Doron G, Goldberg A, Govender P et al (2015)
Vascular targeting of a gold nanoparticle to breast cancer metastasis. J
Pharm Sci 104:2600-2610

Slepicka P, Kasalkova NS, Siegel J, Kolska Z, Bacakova L, Svorcik V (2015)
Nano-structured and functionalized surfaces for cytocompatibility
improvement and bactericidal action. Biotechnol Adv 33:1120-1129
Slepicka P, Siegel J, Lyutakov O, Slepickova Kasalkova N, Kolska Z, Bacakova
L et al (2017) Polymer nanostructures for bioapplications induced by laser
treatment. Biotechnol Adv. https://doi.org/10.1016/j.biotechadv.2017.12.011
Hao J, Xu'Y, Chen S, Zhang Y, Mai J, Lau T-K et al (2016) Broadband
plasmon-enhanced polymer solar cells with power conversion efficiency of
9.26% using mixed Au nanoparticles. Opt Commun 362:50-58

Ma X, Geiser-Lee J, Deng Y, Kolmakov A (2010) Interactions between
engineered nanoparticles (ENPs) and plants: phytotoxicity, uptake and
accumulation. Sci Total Environ 408:3053-3061

Lee CW, Mahendra S, Zodrow K, Li D, Tsai Y-C, Braam J et al (2010)
Developmental phytotoxicity of metal oxide nanoparticles to Arabidopsis
thaliana. Environ Toxicol Chem 29:669-675

Kumar V, Guleria P, Kumar V, Yadav SK (2013) Gold nanoparticle exposure
induces growth and yield enhancement in Arabidopsis thaliana. Sci Total
Environ 461:462-468

Polivkova M, Siegel J, Rimpelova S, Hubacek T, Kolska Z, Svorcik V (2017)
Cytotoxicity of Pd nanostructures supported on PEN: influence of sterilization
on Pd/PEN interface. Mater Sci Eng C-Mater Biol Appl 70:479-486

Reznickova A, Siegel J, Slavikova N, Kolska Z, Staszek M, Svorcik V (2016)
Metal nanoparticles designed PET: preparation, characterization and
biological response. React Funct Polym 105:1-8

Staszek M, Siegel J, Rimpelova S, Lyutakov O, Svorcik V (2015) Cytotoxicity of
noble metal nanoparticles sputtered into glycerol. Mater Lett 158:351-354
Polivkova M, Valova M, Siegel J, Rimpelova S, Hubacek T, Lyutakov O,
Svorcik V (2015) Antibacterial properties of palladium nanostructures
sputtered on polyethylene naphthalate. RSC Adv 5:73767-73774

Polivkova M, Hubacek T, Staszek M, Svorcik V, Siegel J (2017) Antimicrobial
treatment of polymeric medical devices by silver nanomaterials and related
technology. Int J Mol Sci 18:419

Siegel J, Polivkova M, Staszek M, Kolarova K, Rimpelova S, Svorcik V (2015)
Nanostructured silver coatings on polyimide and their antibacterial
response. Mater Lett 145:87-90

Bastus NG, Comenge J, Puntes V (2011) Kinetically controlled seeded
growth synthesis of citrate-stabilized gold nanoparticles of up to 200 nm:
size focusing versus Ostwald ripening. Langmuir 27:11098-11105

Wang J, Koo Y, Alexander A, Yang Y, Westerhof S, Zhang Q et al (2013)
Phytostimulation of poplars and Arabidopsis exposed to silver
nanoparticles and Ag+ at sublethal concentrations. Environ Sci Technol
47:5442-5449

Uskokovic V (2012) Dynamic light scattering based microelectrophoresis:
main prospects and limitations. J Dispers Sci Technol 33:1762-1786

Singh A, Jani K, Kumari P, Agarwal PK (2015) Effect of MgCl2 and double
concentration of Murashige and Skoog medium on in vitro plantlet and
root cultures generation in halophytic grasswort Salicornia brachiata. Plant
Cell Tissue Org Cult 120:563-570

Brunetti P, Zanella L, De Paolis A, Di Litta D, Cecchetti V, Falasca G et al
(2015) Cadmium-inducible expression of the ABC-type transporter AtABCC3
increases phytochelatin-mediated cadmium tolerance in Arabidopsis. J Exp
Bot 66:3815-3829

Geisler-Lee J, Wang Q, Yao Y, Zhang W, Geisler M, Li K et al (2013)
Phytotoxicity, accumulation and transport of silver nanoparticles by
Arabidopsis thaliana. Nanotoxicology 7:323-337

Canas JE, Long M, Nations S, Vadan R, Dai L, Luo M, Ambikapathi R, Lee EH,
Olszyk D (2008) Effects of functionalized and nonfunctionalized single-
walled carbon nanotubes on root elongation of select crop species. Environ
Toxicol Chem 27:1922-1931

Ma Z, Bielenberg DG, Brown KM, Lynch JP (2001) Regulation of root hair
density by phosphorus availability in Arabidopsis thaliana. Plant Cell and
Environment 24:459-467

28.

29.

Page 7 of 7

Garcia-Sanchez S, Bernales |, Cristobal S (2015) Early response to nanoparticles
in the Arabidopsis transcriptome compromises plant defence and root-hair
development through salicylic acid signalling. BMC Genomics 16:341

Wang Y, Zhang W, Li K, Sun F, Han C, Wang Y et al (2008) Salt-induced
plasticity of root hair development is caused by ion disequilibrium in
Arabidopsis thaliana. J Plant Res 121:87-96

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.biotechadv.2017.12.011

	Abstract
	Background
	Experimental
	Materials, apparatus, and procedures
	Analytical methods

	Results and discussion
	Nanaoparticle characterization
	Adaptation of nanoparticle solutions to meet plant biology conditions
	Effect of NPs on the root growth of Arabidopsis thaliana in vitro

	Conclusions
	Abbreviations
	Authors’ contributions
	Authors’ information
	Competing interests
	Publisher’s Note
	Author details
	References

